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The neural crest, a defining character of vertebrates 1 , is of prime importance to their evolutionary origin 2 . To understand neural crest evolution, we explored molecular mechanisms underlying craniofacial development in the basal jawless vertebrate, sea lamprey (Petromyzon marinus), focusing on the SoxE (Sox8, Sox9 and Sox10) gene family. In jawed vertebrates, these are important transcriptional regulators of the neural crest 3 , and the loss of Sox9 causes abnormal craniofacial development 4, 5 . Here we report that two lamprey SoxE genes are expressed in migrating neural crest and crest-derived prechondrocytes in posterior branchial arches, whereas a third paralogue is expressed later in the perichondrium and mandibular arch. Morpholino knock-down of SoxE1 reveals that it is essential for posterior branchial arch development, although the mandibular arch is unaffected. The results show that chondrogenic function of SoxE regulators can be traced to the lamprey-gnathostome common ancestor and indicate that lamprey SoxE genes might have undergone independent duplication to have distinct functions in mandibular versus caudal branchial arches. This work sheds light on the homology of vertebrate branchial arches and supports their common origin at the base of vertebrates.
Neural crest cells, a hallmark of the vertebrate 'new head' 1 , were critical to the evolution of the vertebrate body plan. As the basalmost extant vertebrate, lampreys can provide important insights into evolution of neural crest developmental mechanisms. Lamprey embryos are accessible for developmental studies and have neural crest contributions to their branchial arches [6] [7] [8] [9] . Long-noted differences between lamprey and gnathostome branchial arches have raised questions about their homology [10] [11] [12] [13] . To address this question we investigated mechanisms underlying chondrogenesis and branchial arch formation in lamprey. Here we report functional differences between mandibular (first) and posterior arches related to differences in SoxE deployment arising after duplication of a single ancestral SoxE gene.
We identified three SoxE genes in P. marinus and used a Clustal 14 amino-acid alignment to determine their orthology or paralogy. SoxE1 and SoxE2 were basal to gnathostome SoxE genes, with SoxE1 equidistant from all gnathostome SoxE genes and SoxE3 showing sequence homology to Sox9 (Supplementary Information).
In situ hybridization 15 at progressive stages from neurulation to formation of the pharyngeal arches revealed expression patterns of SoxE genes during neural crest development. SoxE1 and SoxE2 were both expressed in neural folds and later in migrating neural crest (Supplementary Information), including those of posterior branchial arches (Fig. 1a, d ), but were absent from the mandibular arch. SoxE3 expression, absent early, was observed later in mesenchyme of all arches including the velum of the mandibular arch (Fig. 1g) . After arch formation, all three SoxE genes were expressed in the rostrolateral portion of the arches that form branchial basket cartilage (Fig. 1b, e, h ). Muscle-specific actin expression 16 (MA2; Fig. 1j -l) surrounded chondrocytes in posterior arches (Fig. 1k, l ) and was present in velar muscle surrounding mucocartilage within the mandibular arch 16 (asterisk in Fig. 1j ). To examine expression at single-cell resolution, we used a previously unreported optical property of the alkaline phosphatase substrates nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) to reveal important differences in SoxE distributions within branchial arches (Fig. 1c, f, i) . Whereas SoxE1 and SoxE2 were expressed in prechondrocytes that condense into branchial basket cartilage bars (Fig. 1c, f) , SoxE3 was expressed only in the perichondrium surrounding the chondrocytes (Fig. 1i and Supplementary Movies) .
To establish the developmental origin of SoxE-expressing cells, stage-21 embryos were labelled with the chloromethylbenzamido derivative of 1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine (CM-DiI) subjacent to the dorsal midline epidermis (Fig. 1m) at the level of the presumptive pharynx. By stage 24, labelled neural crest populated branchial arches, surrounding the central mesoderm core both medially and laterally 6, 9 (Fig. 1n) . Subsequently, DiI-labelled cells (Fig. 1o ) overlapped SoxE1 and SoxE2 expression laterally in the branchial arches (Fig. 1b, e) , confirming their neural crest origin. Thus, rostrolateral positioning of cartilage bars seems to occur independently of and later than neural crest migration into the arches 11 . That SoxE-expressing neural crest invades branchial arches similarly in lamprey and other vertebrates raises the possibility that one or more SoxE genes might have an ancestral role in neural crest and pharyngeal arch development. To address this, we used two different morpholino antisense oligonucleotides (MOs) to disrupt SoxE1 translation. By stage 26, knock-down of SoxE1 protein led to profound defects in the pharyngeal arches, similar to effects reported in Xenopus 4 ( Table 1 ). The length of the pharynx was reduced and arches were lost or greatly reduced in 52% of zygotes injected with MO1 (Fig. 2a, b) and 29% of surviving embryos with MO2. Injection of both MO1 and MO2 resulted in 100% mortality before the completion of neurulation, indicating that SoxE1 might be required before neural-tube closure. To confirm the specificity of the morpholino, we used a SoxE1 morpholino with five base-pair mismatches, and two unrelated morpholinos (Gallus gallus Pax7 and P. marinus Pax2/5/8) 17 . Neither mismatch (0/70) nor chick morpholinos gave any phenotype, whereas the Pax2/5/8 morpholino resulted in a phenotype distinct from that of SoxE1MO (not shown), confirming its specificity. By targeting a single blastomere at the two-cell stage (Fig. 2c) , MO was sequestered in one side of late-neurula-stage embryos (Fig. 2d) . Subsequently, branchial arches were lost from the injected side (Fig. 2e, f ) in 41% and 31% of embryos receiving MO1 and MO2, respectively.
An antibody against lamprey SoxE confirmed SoxE1 depletion. Immunopositive cells were observed in prechondrocytes, perichondrium and lateral mesenchyme of the branchial arches (Fig. 2f-h ), reflecting the combined in situ patterns of SoxE1, SoxE2 and SoxE3 (Fig. 2h) . After SoxE1MO injection at the two-cell stage, decreased protein expression was found on the injected side (Fig. 2g) , with concomitant reduction in or loss of endodermal evagination resulting in the absence of pharyngeal pouches (Fig. 2f, g ). However, a lateral domain of expression reminiscent of SoxE3 mRNA distribution persisted (Fig. 2g) .
Morphological effects of SoxE1MO on the development of branchial arches were examined with markers for cartilage and mesoderm, SoxE2 (Fig. 2i) and SoxE3 (Fig. 2j) , and a marker for muscle-specific actin, MA2 (ref. 16) (Fig. 2k) . After SoxE1MO injection, SoxE2 expression was lost from the pharyngeal region (Fig. 2i) , indicating a loss of neural-crest-derived chondrocytes, although SoxE2 persisted more caudally. This observation indicates that SoxE1 might regulate SoxE2. In contrast to SoxE2, SoxE3 expression was unaffected (Fig. 2j) . Although endodermal pouches failed to fuse with the ectoderm on the MO-injected side, SoxE3 expression remained, despite the lack of cartilage stacks in this region (Fig. 2j) . In some cases the pharyngeal endoderm abutted the ectoderm and the mesodermal core was absent on the morphant side (Fig. 2i, k) . Despite the absence of chondrocytes, MA2 was seen in the rostral region of arches adjacent to the endoderm, similarly to the control side (Fig. 2k) .
After morpholino knock-down, velar morphology (Fig. 2e, f) and SoxE3 expression remained unaffected in the first branchial arch, indicating that SoxE1 might not be involved in mandibular arch formation. Thus, early partitioning of SoxE function among paralogues after their duplication at the base of vertebrates might have been crucial for segregating the developmental programme of the first arch from that of the caudal pharyngeal arches that form the branchial basket. Similarly, a subset of lamprey Dlx genes (DlxA, DlxC and DlxD) are expressed in premigratory and migratory neural crest, whereas DlxB is present in the posterior arches only after neural crest migration into the branchial-arch-forming region 8 . In vertebrates, gill arches are supported by segmental sets of cartilages located medial to the mesoderm in gnathostomes. In contrast, cartilage bars in lamprey are located laterally. This topography, coupled with Dlx expression as a neural crest marker 8 , led Kimmel et al. 11 to propose an 'outside-in' hypothesis of neural crest migration into the arches such that neural crest migration occurs first laterally and subsequently medially to form a ring around the mesoderm. This medial migration was suggested to be missing in lamprey. In contrast, Damas 18 indicated that cells of ectomesenchymal origin were located medial to the mesodermal core in lamprey. Our labelling study with DiI supports the observations of Damas, that neural crest migration into lamprey branchial arches parallels that observed in gnathostomes 9 and indicates that development of arches in the early vertebrate might have involved a common neural crest origin and a homologous regulatory mechanism involving SoxE genes. Our data support the homology of pharyngeal elements between lamprey and gnathostomes. Thus, differences between the mandibular arch (velum) and posterior arch (branchial basket) derivatives may depend on differential SoxE gene deployment, in addition to changes in Hox gene expression, as has been suggested 19, 20 . In gnathostomes the mandibular arch contributes to the upper and lower jaws 21 , whereas in lampreys it contributes to the velum and lower lip 22 . Loss of SoxE1 function had no effect on the mandibular arch or on SoxE3 expression. That the development of the mandibular arch occurs independently of caudal arches indicates that duplication of SoxE genes early in the vertebrate lineage might have been an important step in decoupling the development of an initially homonomous series of branchial arches in the vertebrate ancestor. This uncoupling gave rise to the homologous branchial arches of modern lampreys and gnathostomes that now develop heteronomously along the anteroposterior axis.
Thus, the expression and function of lamprey SoxE genes indicates a possible ancestral role in neural crest and pharyngeal arch development (Supplementary Information). Our results indicate the following: that the common lamprey/gnathostome ancestor possessed a series of branchial arches derived from the neural crest; that SoxE genes have independent roles in the morphogenesis of pharyngeal and mandibular arches; and that the neural crest has a crucial function in proper patterning of the pharynx 23, 24 .
METHODS
In situ hybridization and microscopy. RNA expression was determined by whole-mount in situ hybridization as described 15 . Embryos to be imaged were mounted in 5% low-melt agarose, sectioned at 30-50 mM with a Vibratome 1000 and mounted in phosphate-buffered saline for viewing. Embryos were imaged with either differential inference contrast optics or fluorescence of DiI with a rhodomine filter set on a Zeiss Axioskop2 microscope. Alternatively, after in situ hybridization and sectioning, NBT/BCIP precipitate was detected by confocal microscopy with a Zeiss 510 confocal microscope. Lamprey autofluorescence was excited at 488 nm and emission was detected through a BP500-530 filter. The NBT/BCIP precipitate was excited at 633 nm and the resultant light was detected through a LP650 filter. Images were imported into Adobe Photoshop for formatting. Complete methods are described in Supplementary Information.
